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PREFACE

This report presents the resuilts of a study, con-
ducted by Dynasciences Corporation of Fort Washington,
Pennsylvania, to determine design guidelines for the pur-
pose of eliminating or minimizing the operational problems
associated with downwash impingement. The v'-rk was conducted
for the U. S. Army Transportation Research Command, under
Contract DA 44-177-AMC-65(T), during the period of July 1963
to March 1964.

Mr. Patrick Cancro was the TRECOM Project engineer
for this program. Mr. M. M. George, Dr. A. A. Perlmutter,
and Mr. L. Butler were the principal investigators for
Dynasciences Corporation.
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SYMBOLS

fully developed slipstream area, ft 2

particle frontal area, ft 2

projectile impact area, ft 2

acoustic velocity in target material, ft/sec

particle diameter, inches

drag coefficient based on frontal area and
local dynamic pressure

propeller diameter, ft.

exit diameter of nozzle or ducted fan or
effective diameter of slipstream from free
propeller (0.707 propeller diameter), ft.

projectile energy ft-lb.

acceleration due to gravity, ft/sec2

height of survey station or particle trap
above the ground, ft.

height of particle cloud above terrain, ft.

height of nozzle exit or propeller plane
above the terrain, ft.

impact factor (Figure 27)

terrain factor (Figure 21)

nozzle efficiency factor (Reference 28)

particle mass, slugs

xi



P projectile penetration in target, ft.

Pa ambient atmospheric pressure, lb/ft 2

ps absolute static pressure along ground
surface, lb/ft 2

Q particle flow rate, lb
ft2 - min

q local dynamic pressure at any point in the
airstream, lb/ft 2

q N average dynamic pressure at nozzle exit or

propeller slipstream, lb/ft 2 (qN = T/Ae for

propellers and qN = T/2Ae for ducted fans)

R/L projectile shape correction factor

Re Reynold's number

r radial distance from nozzle or propeller
center, ft.

T air flow temperature

T lift device thrust, lb.

T material thickness, ft.

t time, sec.

U inviscid velocity just outside the ground
boundary layer, ft/sec

uo reference velocity in the ground boundary
layer at center of the sphere, ft/sec
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VAV area weighted average of airstream velocity
within the limits O< Y-e< 3.0, ft/sec

e
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SUMMARY

The objective of this program was to utilize existing
Jata for the preparation of design charts for V7OL aircraft
to aid in the establisIument of aircraft designs that will
alleviate the adverse operational conditions resulting from
Jownwash impingement on terrain. Specific areas of investi-
gation included particle entrainment and ingestion and their
!ffect on pilot vision, aircraft damage, personnel injury,
ind aircraft signature. Methods to quantitatively predict
)perational condit'ons resulting from downwash impingement
)f a VTOL aircraft are presented.

• • , ! !i iI I I I I I1



CONCLUSIONS

Using existing data, methods have been formulated
to quantitatively predict operational conditions resulting
from downwash impingement on terrain. Because of the dearth
of existing quantitative data, however, particularly in the
area of entrained particle density, the design charts
utilized in these methods will provide only first-order
estimates. Additional analytical and experimental investi-
gations are recommended to increase the utility and accuracy
of these charts.
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RECO•MENDATIONS

Ti- rollowing areas of investigation warrant further
r and testing as a result of the infor=ation obtained
this program.

1. Practical solutions of velocity and pressure
distribution for uniform and nonuniform jet
impinging on a flat surface at various angles
relative to the jet axis of symmetry.

2. Investigation of the transient operating
conditions of take-off and landing on the
downwash on terrain problems.

3. Experimental flow profiles for multilift air-
craft design, particularly at the planes of
symmetry,as a function of aircraft geometry.

4. Relationship between particle density and
visibility as a function of aircraft operating
conditions and geometry for various terrains.

5. Relationship between velocity of particles or
debris and aircraft operating conditions and
geometry.

6. Experimental data on damage resulting from
impact of low-speed, high-mass objects with
aircraft structural components.

7. Experimental evaluation of propeller, turbo-
prop, and turbojet engine limitations at a
function of particle size and flow rate.

8. Feasibility studies of promising alleviation
techniques described in Section IV of this
report, with particular emphasis in the field
of soil stabilization.
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I INTRODUCTION

Experience with existing type vertical take-off and
landing aircraft (helicopters, tilt-wing aircraft, etc.) has
demonstrated that certain operational problems arise when
the high-velocity air generated by these aircraft impinges
upon the ground or water surface. The most serious problems
encountered are:

1. Obstruction of pilot's vision

2. Injury and adverse environment for
ground personnel

3. Aircraft and equipment damage

4. Difficulty in achievement of effective
operational concealment

5. Aircraft performance degradation

These problems, for the most part, were experienced
with aircraft of relatively low disc loadings and with
test-bed simulations of higher disc loading VTOL models.
Investigations which have been performed of the 6ownwash
impingement problems have led to a qualitative understanding
of the operational limitations and also have provided some
experimental data.

To aid in the development of future VTOL aircraft,
the results of the work performed previously in this field
are reviewed and evaluated in this report. These data are
then utilized in the formulation of methods for the estima-
tion of the effects of pertinent design parameters on the
severity of the operational problems that may be encountered.
Because of the dearth of existing quantitative data, however,
particularly in the area of entrained particle density, the
design charts utilized in these methods will provide only
first-order estimates. Additional quantitative data are,
therefore, needed to increase the utility and accuracy of
these charts.

4



Section II of this report presents a discussion of
the design parameters affecting downwash impingement. The
methods and design charts for estimating the operational
conditions arising from operations of VTOL aircraft In the
proximity of the ground are presented in Section III. A
sample calculation of these conditions for a Iypothetical
VTOL aircraft is presented in Appendix I. Appendix II pre-
sents a compilation of addittonal literature pertaining to
downwash impingement on terrain.

5



II THE DOWNWASH IMPINGEMENT PHENOMENON

The problems associated with operations of VTOL air-
craft in close proximity to the ground result primarily
from the high-velocity slipstream generated by the aircraft
lift devices. Compared to a helicopter, which also gives
rise to operational problems over soft ground surfaces, the
VTOL aircraft, because of the higher slipstream velocities
involved, will generate more severe conditions. An indica-
tion of the relation between disc loading and slipstream
velocities, as generated by various types of lift devices,
is presented in Figure 1. It may be noted that hirricane
velocity, which is indicated as 65 knots, corresponds to an
average velocity generated by an open propeller having a
disc loading of 16 pounds per square foot. The disc loadings
proposed for future VTOL aircraft are many times this magni-
tude, and therefore the severity of the problem can be
easily appreciated.

For a more basic understanding of the downwash phenom-
enon, a description of the behavior of a jet impinging on the
ground and of the entrainment process Is presented herein.
This is aided by extensive utilization of existing theoreti-
cal and experimental data.

CHARACTERISTICS OF AN IMPINGING JET

The notation used throughout the report is presented
in Figures 2.a and 2.b for a jet expanding in free air and
impinging on a flat plate, respectively. The essential
characteristics of impinging jets are:

1. Viscous decay from jet source to impinging
surface

2. The radial expansion of flow along the ground

3. The aerodynamic forces exerted on the terrain
particles

A great deal of effort in both theoretical analyses
and experimental studies has been directed towards obtaining
a better understanding of the mechanics of jet impingement.

6



Generally the impingement process has been shown to be a
function, in varying degrees, of the following aircraft and
terrain parameters:

1. Area loading (disc loading) of lift device,
T/Ae

2. Nozzle exit or propeller plane height above
the ground, he

3. Jet exit configuration

4. Jet temperature

5. Number of lift devices

6. Terrain cohesion

7. Particle size

Jet Decay

A slipstream emanating from either a single nozzle
or an open propeller, discharging into free air, expands
gradually due to mixing, with a corresponding reduction in
the dynamic pressure, q , with increasing distance, z/de
from the nozzle exit. fypical experimental values of dynamic
mressure decay with distance for various lift device con-
Eigurations discharging into free air are shown in Figure 3,
ghich is reproduced from Reference 1. The maximum dynamic
)ressure, (q )max , measured at various distances from the
iozzle exit fs divided by the average dynamic pressure in
:he fully developed slipstream. The experimental data are
:ompared with the viscous decay theory of Reference 2.
)verall agreement is seen to be good. Unfortunately, in
:he region of interest from practical design considerations

z/de < 6.0), the theoretical prediction of dynamic
)ressures is inadequate. The variation of the maximum
lynamic pressure at distances less than three diameters from
:he nozzle exit, shown in Figure 3, is due to the flow at
he jet origin. For propellers the flow is basically tri-
.ngular whereas the nozzles have uniform flow. This varia-
ion, however, as will be shown later, does not materially
ffect the flow along the ground plane.

7



Jet Impingement on a Flat Surface

An air jet impinging on the ground loses its verti-
cal velocity, and the energy is converted to pressure that
accelerates the air flow in all directions away from the im-
pingement area. This results in high-velocity air flowing
near and parallel to the ground and a static pressure gradi-
ent on the ground surface.

Dynamic Pressure Prefiles

Typical profiles of the dynamic pressure along
the ground surface, qs , are presented in Figure 4. The
data representing lift device configurations ranging from a
35-foot rotor to a 4-inch nozzle show that qs is virtually
independent of configuration and flow conditions in the
slipstream. Near the impingement point of the outer por-
tions of the descending flow xs/de = 1, the height of the
lift device is seen to have a marked effect on the thickness
and maximum value of the radial flow. This effect, however,
diminishes at radial stations greater than two jet dia-
meters from the center of impingement. The distribution
of qs normal to the surface is near triangular with a peak
value at a height of about 2 percent of the jet slipstream
diameter above the ground.

Peak values of strface dynamic pressure, (q,)max,
for a 4-inch nozzle are reproduced from Reference I, in
Figure 3, as a function of nozzle height ratio, he/de,
and radial distance ratio from the jet centerline, x /d
Maximum values of (qs)max herein designated as maximum fi~ld
dynamic pressure, qF , occur at approximately one diameter
from the jet center and decrease rapidly with increasing
lift device height. At radial distances beyond two jet
diameters, the effect of lift device height is again seen
to be small. For xs/de > 2.0, an approximate relationship
of (qs)max with xs/de can be established in terms of qN .
This relationship, which is independent of nozzle height, is
given as

8



(for xl/de > 2.0).

Equation (1) is in good agreement with Reference 3, in which
ground velocities of many lift device configurations ranging
:rom a 1-inch nozzle to full-scale rotors are compared.
;Iurthermore, as shown in References 3 and 4, Equation (1)
ilso implies that (qs)max is a function of total lift rather
:han of disc loading. It should be noted, however, that the
2ajority of entrained particles were observed to originate
:rom locations having a radial distance of less than two jet
liameters from the center of impingement. Within the circular
irea bounded by xs/de < 2.0, the surface dynamic pressure
md the static pressure on the ground, both primary causes
of surface erosion, are significantly dependant upon disc
oading and nozzle height. These parameters cannot, there-
ore, be ignored in any particle entrainment analysis.

The 4-inch nozzle data of Figure 5 are replotted in
igure 6 together with data from several other lift device
onfigurations, all obtained at a height of approximately
ne jet diameter. The data of Reference 5 represent VTOL
ircraft with two lift devices. The dynamic pressures shown
re taken along the X-Z plane through the center of the
ropellers as shown in Figure 7. Although some scatter ex-
sts, a consistent pattern of decay with radial distance is
vident in Figure 6. The one exception to the general trend
s the dynamic pressure measured in the vicinity of an RB108
urbojet engine with afterburner, from Reference 6. It is
elieved that this variation is primarily due to the under-
eveloped jet still existing at the nozzle exit. Although
at shown in Figure 6, this difference diminishes for in-
reasing nozzle heights. Generally, therefore, the dynamic
ressure data of the 4-inch nozzle can be accepted as re-
resentative of lift device configurations presently in ex-
stence.

9



As was previously mentioned, the maximum field
dynamic pressure, qF , occurs at approximately one jet
diameter from the center of impingement and is a function
of the lift device height above the ground. Vidal, in
Reference 7, suggests a method of predicting qF by utilizing
the decay data of a jet discharging into free air. This
method specifies that for a direct correlation of q with qz
the length to be used for the impinging jet should Ee the
sum of the ground separation distance, he , and the dis-
tance along the ground where the maximum dynamic pressure,
qF , occurs. A comparison of the decay of the jet in free
air with that of an impinging jet is made in Figure 8. From
this figure it can be seen that the correlation between the
free jet and the impinging jet data is quite good.

A survey of existing theories for the prediction
of the downwash flow profile is reported in Reference 7.
The case Of the two-dimensional impinging jet has been
solved analytically, but solution of the three-dimensional
or axisymmetric jet are limited to approximate or numerical
methods. A typical comparison of axisymmetric inviscid flow
theory and experimental data is shown in Figure 9, which is
reproduced from Reference 7. The experimental data are
corrected for viscosity effects for direct comparison with
theory. It can be seen that this theory is inadequate for
values of xs/de > 0.6. This inadequacy results mainly
from the representation of the free streamline bounding the
jet. A more recent iterative method is reported in Reference
8. Formulation of the inviscid jet flow has been derived
in terms of vortex bheet representation for the jet boundaries.
As yet, conclusive final results have not been obtained.

Static Pressure Due to Impinging Jet

Along with the radial flow, an impinging jet
generates a static pressure gradient along the ground sur-
face. Figure 10 represents the static pressure at the
ground, as a function of xs/de . The model rotor data show
a region of negative pressure at the czn:er of impingement;
and, for the case of the 15-foot propeller data, a region
of negative pressure occurs at approximately one jet diameter.

10



te uniform jet data show similar gradients of static pressure
.th radial distance. These abrupt changes in pressure may
titiate the erosion process by subjecting particles to
fferential pressures. The static pressure also results
i a depression in the terrain. When the terrain is water,
te depression is directly proportional to the static
essure. For soils, particularly the loose granular type,
milar depressions occur. The cohesive qualities of the
i1, however, will reduce the overall depression; but as
re and more of the particles are eroded under sustained
erations, a large depression is formed. At an he/de of
5, a depression with a diameter equal to four jet d a-
ters was reported in Reference 9 for tests over dry sand.
e diameter of the depression increases with increasing
/de , with an accompanying reduction in the depth of the
pression.

Since the high-velocity radial flow is parallel to,
I very close to, the ground (see Figure 4), the forces
insmItted by this airstream to the particles could not be
Ssole mechanism for obtaining the particle heights in-
.ated by experiments (Reference 9). Additional contri-
:ions to the particle upward motion are:

a) chance collisions, which will cause
particles to bounce higher than the
region of the radial flow

b) the transportation of disturbed aeorosol
particles by relatively low surface winds,
or by the upward-directed induced flow
field surrounding a typical lifting
system (see Reference 20)

c) the projection of particles upward along the

crater slopes created by an impinging jet

d) size of lift device

An indication of how craters affect particle heights
L be obtained by observing the water depression result-
from static pressure along the ground surface,shown in
ire 11.

11



Thd data shown in Figure 11 are obtained from
Reference 9. Since the majority of particles originate
within the depressed area, they will be initially propelled
at an angle, 0 , that is a function of the slope of the lip
surrounding the depression. For surfaces other than water,
the initial depression will be augmented by the erosion of
additional particles, forming a deeper hole. Reference 9
reports that daring operations over sand, the initial parti-
cle flow was relatively parallel to the ground. As the test
progressed, the flow of particles was observed to change
from horizontal to vertical in the immediate vicinity of the
lift device.

Lift device size also affects the height of entrained
particles. This is indicated by the fact that stagnation
pressures are a function of the area loading of the lift
device and act upon the ground surface in a region with an
area that is proportional to the lift device diameter.
Furthermore, the depth of the eroded hole, particularly in
the case of water terrain, is directly proportional to the
static pressure acting upon it, which, in turn, determines
the slope of the lip surrounding the terrain depression.
As a first-order approximation, the particles are assumed
to be projected upwards as a function of the angle,
defined in Figure 11 as

tan (2)

The water depth can be expressed as

[wPs- Pafl1 (3)

Equation (2) can then be expressed as

LPwg J
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The height of entrained particles is related to an in-
crease of the magnitude of angle, 5 . This relationship,
however, is relatively complex, since it is a function of
the mechanics of turning air flow as well as the entrainment
process. However, as can be seen from Equation (4), at
constant static pressure, the slope, and hence the particle
height, will increase with a decrease in jet diameter. Also,
at constant jet diameter, an increase in disc loading, and
hence static pressure, results in an increase in particle
height. Substantiating experimental results on the effect
of lift device size and disc loading, expressed in terms of
field dynamic pressure, qF ' on particle cloud height are
shown in Figure 12. As seen from Figure 12, a decrease in
lift device diameter, for constant qF , or an increase of
F for constant de , results in an increase of particle
: loud height. Caution must be exercized, therefore, in the
?xtrapolation of small-scale particle entrainment data to
Eull-scale VTOL aircraft.

fultilift Device Interaction

When two or more slipstreams in proximity to each
)ther impinge on a flat surface, a flow pattern results which
.s different from that of the single jet discussed before.
rhe maltilift device interaction will be illustrated by con-
;idering the dual propeller VTOL aircraft shown schematically
.n Figure 7. The dynamic pressure profiles outboard of the
)ropellers in the X-Z plane are very similar to the single
let case. However, in the plane of symmetry, where the slip-
;treams meet, there is an upward flow of air with a velocity
rhich is vertical at the intersection with the X-Z plane,
tnd which tilts increasingly toward the horizontal with in-
:reasing distance along the Y axis (see Figure 13). Further-
more, because the two slipstreams reinforce each other at
:he plane of symmetry (Y-Z plane), the decay of qs in this
ilane is appreciably slower than at the plane through the
,ropeller axis (X-Z plane).

The dynamic pressure profiles along the X and Y axes
.t two radial stations are presented in Figure 14. It may
e noted that in the Y-Z plane, qs persists as high as 80
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percent of the jet diameter and is approxintely twice the
dynamic pressure measured along the X-Z plane. Another
point of interest resulting from jet interaction is the large
variations in dynamnic pressure experienced in the plane of
syr1Tetry as represented by the shaded area in Figure 14.
These variations are of low frequency and arise from the
mixing and eddying of the two slipstreams.

Figure 15 is a survey of (qs) along the X-Z and
Y-Z planes, also showing the consistemney higher values of
dynamic pressure along the plane of symmetry. The maximum
dynamic pressure contours of a two-propeller VTOL model
aircraft are shown in Figure 16. It is noted that the high
dynamic pressures occur only within a very small region on
either side of the plane of symmetry. In areas other than
this region, the magnitude of radial dynamic pressure is
very similar to that of a single lift device configuration.

It can be concluded, therefore, that for multiple
impinging jets the downwash impingement problem will be most
severe along the planes of symmetry, this severity resulting
from the increased magnitude of both radial and upward flow
at these planes.

The flow intensity at the plane of symrmetry is, of
course, also dependent upon the distance between the lift
devices. The closer the lift devices are located to each
other, the higher qs will be at the:- plane of interaction,
thus resulting in more intense flow along these planes.
Experiments indicate, however, that the trend indicated
above is reversed when the lift devices are very close to-
gether. When this occurs, the slipstreams mix prior to
impingement, thus resulting in a minimum of interaction
along the ground. The crossover point where this occurs is
not presently known. Generally, however, when the lift
device centers are one diameter apart or less, the resulting
slipstream can be considered as that originating from a
single lift device.

At radial planes other than the plane of symmetry,
problems resulting from particle entrainment can be expected
to be similar to those reported for single lift device
configurations.
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Jet Temperature Effects

For the turbojet lifting type of aircraft, the
characteristics of the jet are somewhat altered by the hot
temperatures. As may be recalled from Figure 6, the surface
dynamic pressure decay with increasing radial distance was
not as rapid for the hot jet as that for the cold jet data.
Furthermore, the hot exhaust gas from turboject engines
impinging on the ground result in hot-air recirculation and
a breakdown of the cohesive qualities of terrain. Materials
such as sod or asphalt, able to withstand dynamic pressures
on the order of 2000 pounds per square foot at ambient
temperatures, break down quickly when subjected to the hot
exhaust gases of a turbojet engine.

Quantitative hot gas data presently available pro-
vide suface material limitations and temperature profiles on
the impinging surface. Typical ground level temperature
contours are shown in Figure 17. Two sources of data are
represented: a) a steady-state value o"f the gas temperature
at the ground as generated by a 2.5-inch-diameter turbojet
model reported in Reference 11, and b) ground temperatures
after 10 seconds of operations of an RB-108 turbojet engine
reported in Reference 6. The differences between the two
curves shown in Figure 17 are believed to be due to scale
effects and the methods of measurements utilized in obtain-
ing the data.

The effect of nozzle height on the maximum surface
temperature is presented in Figure 18. It may be noted
again that the small-scale data of Reference 11 are not in
agreement with the full-scale data of Reference 12. Whereas
the model data show no significant reduction in temperature
at nozzle heights of five jet diameters, the J-85 turbojet
engine data indicate a 20 percent reduction in maximum sur-
face temperature at a nozzle height of four diameters.

EROSION CHARACTERISTICS

The discussion thus far has been concerned with the
basic air flow characteristics of a vertical jet impinging on
a flat surface. It has been shown that the surface dynamic
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pressure and temperature vary with nozzle height, radial
location, disc loading and initial jet temperature. Varia-
tions in other geometric parameters such as lift device
configuration or flow uniformity were shown to have very
little effect on the surface dynamic pressure profiles.

Aerodynamic Forces on Terrain Particles

The aerodynamic forces on ground particles are of
fundamental importance in the dcwnwash impingement problem,
since a quantitative understanding of these forces will ex-
plain the mechanism of the initial entrainment process.

A method of defining approximate entrainment criteria
for particles initially irmersed in nonuniform flow has been
proposed by Vidal in Reference 7. Drag forces on particles
were estimated by assuming the particles to be spheres in
nonuniform flow and with a velocity that is acting at the
center of the spheres.

Using a coefficient of static friction of F/2,
the drag criterion for entrainment of particles in contact
with the ground plane is obtained by Reference 7 as

-- __ 'Pgý ~ 3c~ D uol2 (5)
1/2 PAUZ - 2 2 a [.J (

where •pg = weight density of particle, lb/ft 3

9 = boundary layer thickness, ft.

U = inviscid velocity just outside the ground
boundary layer, ft/sec

uo = reference velocity In the ground boundary
layer at the center of the sphere, ft/sec

Lift forces were estimated by using the analysis of
a sphere near a wall acted upon by uniform flow. Under
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those conditions, the wall constraint deforms the flow about
the sphere, producing a lift force. With the assumption
that the effect of ground proximity is the same in both
uniform and nonuniform flow and accounting for the effects
of shear flow by strip integration, the criterion for lift
equal to or greater than the particle weight is

S6AU2 U U + (6)

Equations (5) and (6) were used to calculate entrainment
criteria for ground particles using the laminar-boundary-
layer solution for axisymmetric stagnation flow. The data
shown in Figure 19 should apply to ground stations from the
stagnation point to the point where peak radial velocities
are observed (xs/de'l). The abscissa of Figure 19 is
essentially the ratio of particle weight to dynamic pressure
outside the boundary layer. Entrainment will occur if this
loading parameter is equal to or less than the value in-
dicated by the curves. It should be noted that either
mechanism can dominate depending on particle size. For
particle sizes such that a/g . 0.6, the lift mechanism will
predominate. For larger particles, the drag mechanism should
produce entrainment.

Once particles are lifted into the mainstream,
whether by lift or drag forces, they will be subjected to the
maximum velocities existing in the radial flow. Under
these conditions, a theory based on the terminal velocity in
free fall has been suggested by Kuhn, Reference i, to pro-
vide an indication of the particle size that can be trans-
ported by the airstream.

The terminal velocity of the particle or, conversely,
the air velocity required to support the particle is defined
as
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VT= VA = Particle Weight 2 (7)

1/2 PACD ir/4j[I/a 2

(for Vr>10 ft/sec).

Assuming spherical particles and including the density of the
particle material, the diameter of a particle supported by a
given dynamic pressure may be expressed as

a 18 qsCD inches (8)

Ppg

Equation (8) and experimental data of Reference I
were used to obtain the curves of Figure 20. The maximum
size of water, sand and gravel particles that can be sup-
ported by an airstream of arbitrary velocity can be ob-
tained from this Figure. This method is ccmpared in
Figure 21 with experimental data from Reference 9. The
maximum sizes of particles collected at three radial loca-
tions about the impingement area, at a height of approximate-
ly 0.10 jet diameter above the ground, were compared with
the sizes predicted by use of Equation (8). In the process
of arriving at this comparison, the particle sizes were
originally calculated using the dynamic pressures at the
points of collection, (qs)max . This, however, resulted in
predicting particle sizes smaller than those collected.
Next the use of the maximum field dynamic pressure, q. , re-
sulted in an overestimation of particle sizes. Subsequently,
the values of qF and (qs)max at each point of collection
were averaged, and the results, as indicated in Figure 21,
were in fair agreement with theoretical predictions. The
use of an average velocity appears to be reasonable, since
particles originating from an erea within one jet diameter
of the stagnation point will be initially subjected to the

18



field maximum dynamic pressures. At increasing radial dis-
tances, the entrained particles will therefore possess
energies greater than the local airstream.

In addition to the particle size, Reference 9 pre-
sented data on particle flow for various terrains. The flow
rate, Q , defined as the quantity of particles impacting a
unit area per minute, is plotted in Figure 22 as a function
of the average of (qs)max and qF " The data within the ex-
pected experimental scatter indicate the general trend of
increased particle flow at increasing surface dynamic pres-
sures and decreasing heights. Unfortunately, because of the
lack of air flow data at the collection points and the in-
efficiency of the collection traps, the data can be used to
obtain only general trends of particle recirculation.

Terrain Limitations

Experimental work in the entrainment mechanism have
defined the limiting dynamic pressure or temperature which
will initiate the entrainment process. Ground surfaces can
be divided into two categories: (1) terrains that are
primarily susceptible to surface dynamic pressure and (2)
those that can withstand pressure but are susceptible to
temperature. Figure 23a presents those surfaces that are
affected by dynamic pressure. Sand starts to erode at
3 pounds per square foot, whereas sod may withstand pressures
up to 2000 pounds per square foot (depending on the grass root
structure). Figure 23b presents the limitations of materials
that are primarily temperature limited. Materials such as
phenolic-covered glass cloth or aluminum sheets are also
included in this chart as possible ground covers.

It must be emphasized, however, that incipient
erosion signifies the initial disturbance of particles at the
ground level. Experience has shown that, particularly for the
case of loose granular terrain, dynamic pressures on the
order of two to three times the incipient erosion value
will entrain particles in sufficient quantities and to
heights that will present operational problem to VTOL
aircraft.
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III DESIGN CRITERIA

The operational problems associated with downwash
impingement depend on the physical characteristics of the
entrained particles and on their velocity and space dis-
tribution. These parameters, in turn, depend on the follow-
ing:

1. Jet dynamic pressure, qN

2. Height of jet nozzle, or propeller,
above the terrain, he

3. Jet diameter, de

4. Radial distance from jet centerline, xs

5. Height of object to be viewed, or aircraft
component that is subject to damage

6. Terrain characteristics

7. Jet temperature

8. Aircraft material characteristics

In the formulation of practical downwash impinge-
ment design criteria, it is necessary to devise methods by
which these parameters can be logically grouped.

The utility of these methods is, of course, de-
pendent on the accuracy with which the severity of the
operational problems can be predicted. Previous investi-
gations have been largely concerned, however, with the
qualitative rather than the quantitative aspects of these prob-
lems.

In this section, methods are formulated to provide
the designer with quanLitative information on the severity
of the operational problems resulting from downwash impinge-
ment. Because of the dearth of available experimental data,
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these methods will provide, at present, first-order informa-
tion only. The accuracy of these methods will be increased,
however, as more quantitative data is acquired. The methods
described in this section pertain to the following opera-
tional problems:

1. Visibility
2. Concealment
3. Aircraft damage
4. Personnel injury

An example of the use of the methods for predicting
the environmental conditions resulV`Ong from downwash im-
pingement on terrain is presented "'!, a typical VTOL air-
craft in Appendix I.

VISIBILITY

Visibility is defined herein as the ability to
identify visually an object of known size at a specified
distance from the observer. This ability is affected by the
number and the physical characteristics of the entrained
particles in the "cone of vision" between the observer and
the object. In the preparation of the design charts for
estimating visibility, it is assumed that the number of
entrained particles is a function of the dynamic pressure
along the surface that is exposed to the jet flow. The
maximum surface dynamic pressure, (qs)max , is obtained
from Figure 5 as a function of jet dynamic pressure, qN
nozzle or propeller height, he ; jet diameter, de ; and
radial distance along the ground, xs . For radial dis-
tances greater than four nozzle diameters, Equation (1),
repeated below, can be used to obtain (qs)max

F(qs)max 
Xs ] 2

In addition to the surface dynamic pressure, the natural
cohesive quality of terrain particles and the particle size
and weight are also important factors in the determination
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of the number and physical characteristics of the particles
entrained in the downwash.

These factors as well as the jet temperature effects
are incorporated in the design charts by defining an effective
dynamic pressure,

T(qs[ef ý- f •qs)ma• (9)
Iq~f = f Tamb]]

where

f [k. TJI denotes a function of the
Lt Tamb

terrain factor, kt , the jet temperature, T• , and theambient temperature, Tamb * The terrain factor, k
accounts for the particle diameter as well as its density

and is defined in Figure 24. For the case in which the
terrain particle sizes are effectively increased (for example,
the case of wet sand), the values of kt were selected to
coincide with terrain for which incipient erosion occurred
at approximately the same value of surface dynamic pressure.
From Figure 24 it is noted that, in agreement with experi-
ments, a decrease of kt corresponds to ground materials
that, at constant jet dynamic pressure, will result in an
increased loss of visibility.

The visibility is a function of the relative loca-
tion of the observer and the object. In order to determine
this function, there is introduced the concept of local
visibility, which is defined as the visibility when observer
and object are separated by a unit distance, say, 1 foot.
If the target is completely obliterated, the local visibility
is zero. Conversely, if there are no particles between the
observer and the object, the local visibility is said to be
unity. The percent visibility between these extremes is
related to the physical characteristics of the entrained
particles and is not known at this time. The zero and
unity values of visibility have been estimated, however,
from films and personal observation of downwash tests. Such
estimation was utilized in the preparation of the chart shown
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in Figure 25, which presents local visibility vs. (qs)eff
for several values of object height. This figure is believed
to give a first-order estimation of local visibility for
water terrain where the values of I/kt and T./Tamb are unity.
In agreement with experimental data, Figure 4 shows that,
at constant object height, local visibility decreases with
an increase in (qs)eff , or equivalently with increase of
radial distance from the jet center.

The ability to identify an object an arbitrary dis-
tance from the observer, denoted here as relative visbility,
is a function of the variation of the local visibility along
the line of vision. This function is not known at present.
It cannot be a simple summation of local visibility, since
zero local visibility at any point along the line results
in zero relative visibility. By plotting the local visibility
conditions surrounding the lift device, however, as illustrat-
ed in Appendix I, the overall relative visibility conditions
can be estimated.

For terrain other than water, the use of r in
Equation (9) has resulted in good correlation with visi-
bility conditions as observed from model tests.

The case of a multilift-device aircraft can be
treated as a single lift device but only by including the
effects of the intensified flow along the plane of symmetry.
Recalling the dynamic pressure flow along the X-Z and Y-Z
planes from Figure 15, the value of (qs)max along the plane
of symmetry is seen to range from 1 to 2 times greater than
the dynamic pressure along the X-Z plane. These ratios
have been plotted in Figure 26 as a function of xs/de or
ys/de and can be used to obtain the increase in dynamic
pressure resulting from multilift interaction. The high-
intensity particle flow is limited along a narrow arc of
100 to 20' to the right or left of the plane of symmetry.
This arc may be used as a guide in plotting the visibility
curves as indicated in Appendix I.

CONCEALMENT

As with all other problem areas resulting from down-
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wash impingement on terrain, the aircraft concealment prob-
lem is a complex one and is affected by a great number of
variables. The principal parameters affecting concealment
include:

1. Cloud height
2. Cloud width
3. Cloud density
4. Cloud color
5. Background color
6. Relative position of observer and aircraft
7. Height and location of obstacles between

observer and aircraft
8. Atmospheric conditions (i.e., visual range,

wind, lighting).

Geometric Parameters

Certain of the above-mentioned parameters, such as
cloud size and density, are functions of the aircraft
geometry. The effect of design variables such as propeller
disc loading and height above the ground on entrainment has
been previously discussed in detail in the visibility
section. It is sufficient to note, however, that cloud size
rather than particle density is of primary concern in the
area of concealment. This is evident by considering the
fact that once the particle cloud is of sufficient density
to be noticed, which will occur at a relatively low particle
density, the aircraft position has been revealed; any in-
crease from this minimum density will not materially alter
this situation.

Physical Parameters

In addition to the geometric parameters, factors
such as terrain and background color, atmospheric conditions,
and location of the observer will also affect concealment
conditions. These parametric variations, however, can not
be controlled by the designer. Consequently, there is
little that he can do to control their effect on the prob-
lem. Once the cloud height has been minimized by design
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compromises, operational techniques must be developed to

improve concealment further by the judicious use of

surrounding obstacles, background color, wind, and existing

visibility condition.

Method for Determining Particle Cloud Height

For reasons given above, effort in predicting loss

of concealment will be centered on the particle cloud size

generated by the VTOL aircraft.

The method described in the visibility section can

be used to obtain a full picture of the overall size of the

cloud pattern.

For a quick indication of maximum cloud height,

however, the following method can be used:

From Figure 5, determine qF , which corresponds to

the maximum value of qs , as a function of he ! de , and qN'
Determine (qF) ff by correcting for terrain using the

appropriate value of kt from Figure 24. When two or more

lift devices are used, a value of (qF)eff twice that de-

veloped for a single lift device should be used. Maximum

cloud height can now be read from Figure 25 at 100 percent
visibility and for (qs)eff = (qF)eff.

AIRCRAFT DAMAGE

Two distinct areas will be considered in the de-

velopment of damage criteria. These are (1) 'damage to air-
frame and (2) damage to rotating aircraft components. The

damage that an aircraft will sustain from particle impacts
is dependent both upon the aerodynamic parameters previously

described in the section on visibility and upon certain phy-

sical properties of both the aircraft materials and the
entrained particles. A brief discussion of available data
on the particle-target impact phenomenon will be presented

next, prior to defining methods of predicting aircraft
damage.
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Particle Impacts

There exists a wealth of hypervelocity particle
impact information in the literature (References 13 through
17). Unfortunately, the majority of work is derived from
particles having velocities greater than 1000 feet/second.
Furthermore, limited comparisons of data from one source with
those from another, and of experimental data with theory,
have shown some discrepancies. These discrepancies have
resulted in several more or less contradictory empirical
expressions developed by investigators to fit their own
data.

For example, the experimental work of Collins from
Reference 14 has indicated that penetration depends on tne
momentum per unit area of the impacting projectile. Also,
crater volumes resulting from impacts were found to be
directly related to the projectile kinetic energy and a
strength parameter, k, , such that

-6 mPV 2 131
Crater Volume = 19 ,. lO' 6 k, IPP2 (11)

where C is a minimum value of energy required for permanent
deformation in a given material. The impact factor, kI, re-
presents the resistance of various materials to penetration.
It is defined as the ratio of crater volume resulting from
the impact of a'projectile on a target, both of arbitrary
material, divided by the crater volume resulting from a
steel projectile impacting on a steel target. This factor
is constant, for a given material, within the kinetic ener-
gies tested, i.e., 10 to 10,000 foot-pounds. The data
plotted in Figure 27 indicate that crater volume is a
function of the acoustic velocity of the target material
as well as of the density and acoustic velocity of the
projectile materials. An increase in projectile density
results in larger craters in a given target. Conversely,
a decrease in acoustic velocity of a target results in a
reduction of crater size for a given projectile. It must be
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noted, however, that the variables in the acoustic velocity
of any material, i.e., Young's modulus, shear modulus, and
density, do not compensate for the varying hardness conditions
achieved in a given material by heat treatment or other
similar means. Neglecting these hardness variations, the
acoustic velocity relationship was used to extrapolate im-
pact factors of solids for which no experimental data were
available, as shown in Figure 27.

Another penetration relationship was empirically
derived by Charters and Lock in Reference 15. The particle
penetration was found to be a function of the velocity and
density of the projectile and the acoustic velocity and
density of the target in the following manner:

P/a = (2.28)(P p/PT) 2/3(VP/AT/3a (12)

Although the above relationship was developed for quasi-
infinite targets, it is in agreement with limited thin-
plate experimental data from Reference 16 as indicated in
Figure 28.

A theoretical treatment of impacts, expressly for
thin-plate penetrations based on ballistics research, was
developed by Taylor in Reference 17. Taylor defined the
energy, E, required by a projectile for penetration through
a material of thickness, T, as

E =T AI [LT/2 + fPT/4 {fT/2)(R/L) VI jft-lb (1-3)

where R/L - I for spheres.

The first term of Equation (13) represents the work required
to expand a hole statically in a target. The second term
is a correction for the plastic flow region in the target
material. This term becomes progressively more important as
the projectile velocities increase. Using the experimental
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data of Reference 16, the energy generated by a 0.093-inch-
diameter steel sphere to perforate targets of various
thicknesses was calculated. The results plotted in Figure
28 again indicate fair agreement at the low target thick-
ness. Although many other theoretical and empirical methods
for predicting the results of impacts are availabe, the
three methods represented by Equations (11), (12), and (13)
will be used to develop the design criteria for aircraft
damage. Unfortunately, there is a dearth of available
impact data in the particle speed regimes anticipated in tne
VTOL environment, i.e., 0 to 500 feet/second. The appli-
cation, therefore, of the penetration equations, originally
derived from hypervelocity impacts, to entrained particle
speeds must be utilized with caution until substantiating
data are provided.

Airframe Damage Criterion

Discussed in this section is the airframe damage
criterion, which is defined as the minimum thickness of
aircraft skin required to withstand impacts from entrained
objects. Also presented here is a simplified approach to
landing gear impact loads from rolling debris.

Full-scale experimental investigations with simu-
lated or actual VTOL aircraft operating over sand terrain
with disc loadings as high as 50 pounds per square foot
have reported only superficial damage to the airframe.
This is substantiated by Reference 13, which reports that
projectile energies of 50 foot-pounds are required to cre-
ate permanent deformation in quasi-infinite targets of
aluminum or steel. Energy levels of this magnitude would
apply to relatively solid structures such as landing gear,
etc. For thin plates, as in the case of aircraft skin, the
energy level required for complete penetration is greatly
reduced. As indicated from Figure 28, a 0.093-inch-diameter
steel sphere having an energy of approximately 4 foot-pounds
will penetrate a 0.062-inch aluminum plate. As a compari-
son, the energy level of a 0.25-inch pebble with a velocity
of 300 feet/second (far above any speed that a particle of
this size is expected to attain in the downwash environment)
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will only be 0.67 foot-pound. Consequently, no extensive
damage, othec than pitting of plastic windshields or paint
erosion, can be expected on the airframe from small particles
entrained by propeller-type VTOL aircraft. It has been
determined, however, that even at the disc loadings repre-
sentative of propeller-type VTOL aircraft, debris having
large frontal area to weight ratios, such as broken tree
limbs, flat rocks, etc., can be entrained in the flow along
the ground. Moreover, in the case of multiple-lift devices,
this debris can be lifted at the planes of symmetry to heights
which would present a hazard to the aircraft. In addition,
as disc loadings are increased with the use of turbojets,
lift fans, etc., the maximum size and hence the energy
level of particles that can be entrained increases, with a
corresponding increase in airframe damage.

The discussion thus far has presented some qualita-
tive information on airframe damage gained from operational
experience. For a quantitative evaluation of design limits,
Equation (13) defines the minimum energy required to pene-
trate a material of given thickness in terms of impact area,
A,, material yield strength, and particle velocity. By
equating this to the energy of an entrained particle, the
minimum thickness of aircraft skin can be obtained. To
determine the energy of a particle at impact, both the size
and the velocity of the particle must be known. Unfortunate-
ly, no data are presently available which can be used to
predict sizes or velocity of particles at any location in
the immediate vicinity of the VTOL aircraft. Although it
is known that size, velocity, and particle concentration
are functions of disc loading, lift device size and height,
nuntber of lift devices, and flow temperature, the degree
to which each of the above parameters contributes to the
particle energy is presently unknown. As a first-order
approximation, however, a technique will be indicated herein
which will provide first-order estimates of particle size
and velocity to be used in conjunction with Equation (13).

Particle Size

The size of particles will be estimated by using
the terminal velocity relationship obtained from Reference 1
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and shown in Figure 21. This assumption is based on the
fact that the airstream can support particles whose terminal
velociLy is equal to or less than that of the local airstream
velocity. As may be recalled in the discussion accompanying
Figure 21, if an average of the maximum field velocity and
the local velocity at the point in question is used, the
particle size can be closely approximated. The average
velocity of the airstream, VA , is obtained as follows:

From Figure 5 obtain qF and (qs)max as a function

of qN, de, he, and xs. VA is then equal to

VA 2 [qF +(qs)max] ft/sec ° (14)

By assuming spherical particles, Figure 20 can then be
used to obtain the maximum size of sand or gravel particles,
at any point within the area 0 <x/de <6, which can be
supported by the average airstream velocity, VA. The
particle mass is then equal to

mp = IT16  (a/12) 3 ?p , slugs.

A limiting condition to particle size is, of course, the
size of particles available in the terrain. If, for ex-
ample, the terrain is sand having particle sizes not greater
than 0.25 inch, the maximum size of particles will be the
maximum size available no matter how large the surface
velocity.

Another limiting condition is the height that
large-size particles will attain. Since (q/max occurs at
hide =0.02, the maximum size of particles that can be
supported will decrease with increasing h•ight above the
terrain. From the surface erosion tests of Reference 9,
the maximum size of particles at one diameter above the
terrain generally ranged between one-half and one-third
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the maximum size of particles at he/de = 0.10. Since the
method previously defined will give the overall maximum size
of particles, its use will provide conservative damage
criteria.

For large objects, such as broken tree limbs,
barrels, and other debris, the maximum size-to-weight ratios
that can be supported can be written as

(W/AF)max = 1/2 ,PAVA 2CDK , lb/ft2 (16)

where KI is a function of the ratio a/d and the object
shape. No quantitative data are available at present to
determine this function. Where two lift devices are used,
entrained objects can be lifted at the planes of symmetry
to heights far above those attained from a single lift
device. In this case the supporting upflow velocity, V.,
that should be used can be approximated by

u qN/ ft/sec. (17)

The upflow is expected to decay rapidly with increasing
height. The only source of data available, however, is at
h/de = 0.30, from which this relationship was derived.
(See Figure 13.)

Particle Velocity

The particle velocity at impact consists of the
vector sum of the particle velocity and the velocity of the
aircraft component. For airframe damage, only the parti-
cle velocity will be considered.

The prediction of particle velocity as a function
of time and place becomes a monumental task if the effects
of all variables are to be included. Furthermore, even if
such an exact solution were developed, there presently
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exist no experimental data which could be used for comparison.

With a number of simplifying assumptions, however,
a solution can be derived which will provide a first-order
approximation of the particle velocity. In obtaining this
solution, it will be assumed that the particle velocity of
interest is the velocity which the particle will attain
three jet diameters from the impingement center. Additional
assumptions made are as follows:

1. The particle is acted upon by the radial
airstream starting at the center of im-
pingement.

2. The airstream velocity acting on the parti-
cle is a constant, which is obtained by an
area-weighted average value of (qs)max
within the limits O< x/de4 3.0. This
average value, VAV' is equal to /qF PA•
The airstream velocity is zero for
x/de > 3.0.

3. Particle rotation is neglected.

4. Particle chance impacts with other parti-
cles are neglected.

5. Effects cf temperature are neglected.

The resulting equation of motion of a particle
becomes

d 2 x/dt 2 = dV /dt = K(V A-V p)2 (18)

where

K = %C RAAF
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Assuming Vp = 0 for t = 0, Equation (18) when integrated
becomes

K VAVVP VAV (19)

Since VP dx/dt, Equation (19) can be written as

dx/dt = VAV Kt • (20)
I+V AKt

Integrating Equation (20) and setting x = 0 at t 0,

t 1 I 2x (21)
VAV KK

The time required for the particle to reach three-jet
diameters from the jet center is

6de =A"

K =second. 
(22)

The corresponding particle velocity at three-jet-diameters
is

V p 1 , ft/sec (23)

PA Kt +

or, in nondimensional form,

V P ( 2 4 )

F •6/K de+ 1

P3A
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As indicated above, the simplifying assumptions made in the
solution for particle velocities imply that the value ob-
tained from Equation (24) is an approximation of the maxi-
mum particle velocity, which is assumed to occur at three-
jet-diameters from the center of impingement. Bearing this
in mind, the values of particle velocity thus obtained,
along with maximum size of particles to be transported,
can be used to determine the energy of an entrained object.
Subsequent use of Equation (13) in conjunction with handbook
values of allowable yield stress for the aircraft component
in question will provide first-order design limits as to
thickness and/or material selection. To facilitate the use
of this method, the data have been combined into two design
charts shown in Figures 29 and 30. Figure 29 provides the
ratio of particle velocity to average field velocity in
terms of a size parameter, P , where

3 de CD LA AF
m p

Having the particle velocity from Figure 29 and the parti-
cle mass from Equations (15) or (16), the designer can deter-
mine the particle kinetic energy from

Ep= 1/2 mp V2 , ft-lb. (25)

The minimum skin thickness, T, for a given material yield
strength, YT , required by the aircraft skin to resist
penetration, from particle energy found above, can then be
obtained from Figure 30. The values of TYT shown in the
figure do not include the second term of Equation (13), which
corrects for compressibility effects. Numerical evaluations
show that the contribution of this term in the low particle
spned regimes is negligible. To compensate for rotation of
irregular objects, where by chance the impact area may be less
than the frontal area, several ratios of AI/AF also are iii-
cluded in Figure 30.
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In addition to the airframe skin, landing struts or
other appendages exposed to rolling debris will be subjected
to impact loads which must also be considered in VTOL de-
sign. A simplified analysis of impact loading on beams
based on Reference 18 follows.

It is assumed that an entrained object with weight
W is moving horizontally with a velocity Vp and strikes a
vertically suspended beam (landing gear) fixed at one end
against horizontal motion. The resultant maximum stress
due to impact,6¶I , divided by the maximum stress due to
static loading of weight, W, is

=[Vp
2

•g, 
(26)

where

S=maximum static deflection of cantilever
beam subjected to load W, feet.

0-_ maximum static stress of cantilever
beam subjected to load W, pounds per
square inch.

As was pointed out in Reference 18, the impact
stress thus determined is greater than that observed in
tests. Furthermore, the method applies only within the
proportional limit of the material in question. With these
limitations, the impact stresses determined above will pro-
vide conservative design limits for landing struts and other
appendages subjected to the VTOL environment.

Damage to Rotating Aircraft Components

From the full-scale experimental investigations
previously mentioned, the most severe damage reported was
sustained by propellers and turbine engines. The high
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rotational velocities of these components result in re-
latively high einergy impacts and consequently extensive
damage when these components come in contact with entrained
particles. Particle velocities become insignificant when
compared to the rotational speed of propellers or turbine
blades and will therefore be neglected for this analysis.
The quantity of particles ingested by a turbine or propeller
now becomes of paramount importance in the prediction of
damage to these components.

The quantity of particles ingceted is dependent upon
the density of entrained particles in the vicinity of the
intakes and the mass flow of the lift device.

The presently available particle density data shown
in Figure 31 are limited to low-disc-loading helicopters
from References 19 and 20 for sand and water terrain, re-
spectively. Reference 21 also provides some indication of
particle density for wet sand particles passing through an
8-foot duct.

There is an obvious need, therefore, of particle
density information in the vicinity of the lift device as
a function of all the pertinent particle entrainment para-
meters.

With the limited data available, propeller and
turbine engine endurance limits are indicated in Figure 32.
The limits are based on full-scale tests over wet sand,
reported in Reference 21, and a test cell report by a tur-
bine engine manufacturer, Reference 22. The full-scale
tests consisted of a tandem ducted configuration tested
at qN - 25 pounds per square foot. After 8 minutes at an
ingestion rate of 29 grams/second, of particles ranging in
size from 200 to 5000 microns, the first-stage compressor
blades of the T53 turboprop engines used in this test rig
were extensively damaged and had to be replaced. The test
cell data indicated extensive power loss and erosion after
3.25 hours at an ingestion rate of 1.36 grams/second, with
particle sizes from 105 to 210 microns. Although criteria
cannot be based on just two instances, the information pro-
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vides an indication of the limitations of turboprop engines
when operating over sand terrain. Furthermore, these
limitations apply only within the size of particles ingested.
Larger size particles are expected to increase blade erosion,
particularly of the first-stage compressor blades. Parti-
cles are generally pulverized as they progress past the
first-stage compressor blades.

Aluminum propellers subjected to the sand environment
conditions reported in Reference 21 also sustained critical
damage to their leading edges and the downstream surfaces.
The extent of damage to the propellers as reported in
Reference 21 indicates crater sizes above the allowable
tolerance limitation as defined by propeller maintenance
specifications. Based on the above information, the propeller
endurance limitations are also shown in Figure 32. The in-
creased capacity of the propeller over that of the turboprop
engines is primar.lv due to the high percentage of open area
for the particles to flow through without impacting the
blades.

Quantitative evaluations of propeller or turbine
blade damage can be obtained by using Equations (11) and
(12) in terms of crater volumes and penetrations, respective-
ly. The particle size previously determined from Equation
(15) and the appropriate impact factor k1 from Figure 26
used in conjunction with the rotational velocity of the
aircrafý components will indicate the resulting crater sizes
or penetrations on the impacting surfaces. The quantity
of particles flowing through the lift device will provide
the endurance limit of these components. By using the
density of particles in the air and the volume flow of
the lift device, the quantity of particles ingested can be
found. From this, an indication of the endurance limit for
the lift device can be obtained from Figure 32.

Particle density, in addition to the VTOL parameters
affecting the entrainment, is also a function of location on
the aircraft. Items such as wings, tail surfaces, and
fuselage shape will also affect the local air flow condi-
tions and hence the local particle density. No general
rule of thumb can, therefore, be applied to determine the
optimum location for engine intakes. Inlet screens, particle
separators, and deflectors have been tested as means of
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minimizing particle ingestion. These items will be dis-
cussed in detail in the section on downwash alleviation
techniques.

In addition to the damage that gas-turbine engines
will sustain when operating over sand or other hard, granu-
lar terrain, another operational problem reported, is the
experience of degradation in performance due to water in-
gestion.

Although this aspect of the problem will not be dealt
with extensively herein, it is obviously again the result of
high particle density. The sources and the information
available on this subject will be briefly discussed below.
Data reported in Reference 20 and shown in Figure 33 pre-
sent a qualitative indication of how salt deposits from
brine-water ingestion will reduce the available horsepower
of a hovering helicopter during anti-submarine-warfare
missions. The 15-foot altitude hover, because of the re-
sulting higher ingestion rate, shows a more rapid initial
performance deterioration rate than that occurring at the
30-foot hover. Fresh water, when ingested at high rates,
will also result in power loss, as indicated by Figure 34.
The data reproduced from Reference 21 indicate the reduction
in power loading that occurs when a VTOL aircraft is operating
over water.

The possibility of flame-out also exists when an
excessive amount of water is ingested. Test conducted on
a J-79 turbojet (Reference 23)showed that flame-outs
occurred at water-to-air ratios as low as 0.018. For com-
parison, the weight-to-air ratio of sand ingested in the
T-53 engine previously mentioned is 0.0064. An increase in
dynamic pressures over the 25 pounds per square foot re-
ported in Reference 20 and the accompanying increase in
circulation when the aircraft is operating over water -*ay re-
sult in weight-to-air ratios large enough to present flame-
out conditions.

PERSONNEL INJURY

The extent of personnel injury primarily depends
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upon the velocity, mass and quantity of entrained particles
as well as the location on the body where the particles
will strike. The variables affecting the velocity, mass
and quantity of particles are the same as were previously
discussed in detail in the section on damage criteria.
For the sake of brevity, the methods used in obtaining
these parameters will be omitted in the present discussion.

Data defining criteria of personnel injury, in
terms of particle mass and velocity have been published.
Figure 35 presents typical data, reproduced from Reference
24 depicting the maximum velocity and weight of steel parti-
cles striking on a rabbit's eye that can be tolerated without
cornea penetration. The effectiveness of plastic eye
shields is also included in Figure 35. Although direct
correlation between human and rabbit eyes cannot be drawn
from these experiments, medical authorities suggest that
the results presented may be used as a good indication of
human eye tolerance. It is obvious, therefore, from Figure
35 that eye protection is a must for ground personnel in
VTOL operations.

Original German work on ballistics, Reference 25,
defined a minimum energy for incapacitation by a small
fragment as 58 foot-pounds. Of course, certain areas of the
body are more susceptible to injury than others. As suggest-
ed by Reference 26, fragments possessing energies far less
than 58 foot-pounds have resulted in incapacitating injuries
when impacting critical areas of the body. More exact
information on casualty criteria for wounding by fragments
are available in Reference 27. In any case, however, the
energy lev3l expected from small particles entrained in the
downwash is far below any of the values indicated in ball-
istics literature. It can be concluded, therefore, that
all parts of the body, when properly protected, as with
battle dress, will absorb small-particle impacts without
serious injury.

This is not the case, however, where large debris
are concerned. When debris are ,v1 l c T k ,n t-- '-f- n
and the VTOL aircraft can generate dynamic prcssur2s capable
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of entraining tLW,:", the e••. rgy l,,vel that wiill o' genrnte,':
will exce.od tho, min ,i•,. values, (tolind in Rfernce.s 25
and 26. Even though the energy l., evels of Reference 25 are
rived for srmailll impact areas, large dcbris may by chance st
the body at a sharp corner, thus resulting in the same im-
pacting condition.

The energy levels that debris will attain when sub-
jected to VTOL environment can be obtained by using the
method described in the section on damage criteria.
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IV DOWNWASH ALLEVIATION TECHNIQUES

The devices and systems which have been considered
for alleviation of the problems caused by the impingement
of downwash upon terrain can be categorized as follows:

I. Reduction of nozzle jet velocity
2. Ground protection
3. Flow diversion
4. Particle entrapment

A discussion of the potential of these systems is
presented below.

REDUCTION OF NOZZLE JET VELOCITY

It has been shown in Section II that surface erosion
is a function of the surface dynamic pressure resulting
from the high-velocity air of the VTOL aircraft lift devices

An exploratory investigation of the effectiveness of
diffusors in reducing this maximum ground surface velocity
is reported in Reference 28. Results indicate that velocity
reductions as high as 50 percent were obtained by expansiun
of the main jet with auxiliary nozzle exit air jets flowing
at varying angles to the main jet flow. The quantity of
air required to effectively reduce the velocity at the ground
increases the total power requirement by 35 percent. Typical
results obtained with diffusors are shown in Figure 36.
The maximum ground velocity is seen to be effectively re-
duced, particularly at height to jet diameter ratios greater
than 1.0. The shaded areas within the curves represent the
range of various auxiliary nozzle to main nozzle mass flow
ratios tested. Generally an increase in auxiliary noz.le
mass flow resulted in a decrease in maximuxn surface velo-
city, with an accompanying increase in the power required.

Another solution may be to increase the number of
lift engines for the same total thrust. In this manner
both the jet velocity and/or ground separation distance ratios
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will be increased. This applicatio:i will, however, be
limited by the maxiun nunber of engines that can be practi-
cally designed in a VTOL configuration and by the penalty
in weight, complexity of installation, and loss of engine
efficiency resulting from multiengine aircraft design.

The reduction of surface dynamic pressure nay also
be accomplished by the use of retractable, circular, fine-mesh
screen fences suspended from the lift device as shown in
Figure 37. With this configuration, the flow of vprtical
air will encounter minimum resistance and, hence, minimum
lift losses. However, in turning, the surface dynamic
pressure will be subjected to high pressure losses in
passing through the screen, hence significantly reducing
the surface velocity. Furthermore, the majority of particles
entrained within the screen area will be contained within
this area, thus minimizing the problem of vision, concealment,
engine ingestion, personnel injury, etc. The practical
limitations of such a device are (1) the size of the lift
device that can be encircled by a screen and (2) the extent
of damage to lift device components such as propellers,etc.,
caused by increased particle conc2ntration within the en-
circled area. Preliminary investigations with this type of
device, conducted by the contractor, indicated favorable
results in containing the entrained particles within the
screen area.

GROUND PROTECTION

Ground protection techniques which have been proposed
to prevent silrface erosion fall into two major categories:

1. Stabilization of the soil through chemicals,
and

2. Protection of the ground through the use of
prefabricated lightweight covers.

These methods are discussed herein.
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Chemical Stabilization

In the past, chemical stabilization of the soil to
prevent erosion due to surface winds, as reported in
Reference 29, was successfully accomplished. Recently,

exploratory investigations in the field of soil stabiliza-

tion to prevent erosion due to downwash have been initiated
by the Air Force Systems Command.

A chemical soil stabilization system to be used in
conjunction with VTOL aircraft should possess certain require-
ments, as suggested in Reference 21. These include:

1. Ability to stabilize effectively various
types of soil under the action of the VTOL
downwash, including operation under high
temperatures for pure jets.

2. Ability to become effective in a short
period of time.

3. Efficient area coverage to chemical weight
ratios.

4. Application procedure of chemical to
terrain should require a minimum of man-
power effort.

5. If possible, dispersing of chemical should
be from a system within the VTOL.

Based on these requirements, there appear to be two
types of chemicals that have merit. The low-density ure-
thane foaming compounds when applied to terrain have ex-
cellent bonding qualities. The chemical is fast acting and
could possibly be applied to the ground with a self-contained
dispersing system. The foam is of low density (0.2 to 0.3
lb/ft 3 ) and expands to cover large areas when dispersed. Al-
though the chemical itself appears to fulfill the require-
ments adequately, an effecient dispersing technique must be
developed before the system can be fully evaluated. In con-
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trast to the foaninig chemicals, which provide a surface
coating, other chemicals exist which bond the terrain parti-
cles to form a hard surface. These chemicals have excellent
terrain-bonding qualities and actually Increase the bearing
strength of the soil.

Ground Covers

Gciund-cover systems can be evaluated through con-
sideration of th: following requirements:

1. The cover should have the capability of
being deployed from the aircraft.

2. Since the cover is to be deployed from an
aircraft, the system should be light-
weight and reliable (mechanically simple).

3. The cover should be tough enough to re-
sist abrasion and loads imposed by landing
troops and equipment.

4. Since the cover is a disposable unit, the
cost should be a minimum.

Investigation of ground covers was performed to
determine types of materials, size of covers, and deployment
techniques, such as in References 6, 11, 12, 21, 37, and 38.
The types of materials considered were fabrics, plastic
films, metallized films, phenolic and aluminum sheets, and
portable airfield landing mats.

An evaluation of the suitability of prefabricated
ground covers, for dust proofing VTOL landing areas, has been
recently completed by the U.S. Army Engineer Waterways
Experimental Station, at Vicksburg, Mississippi. Results
of this investigation have not yet been published. Reference
38, however, reports of successful tests conducted in 1958-1959
by the Waterways Experimental Station to provide temporary
airfield surfacing using elastomer-coated fabrics.
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Experimental work in the determination of minimum
ground-cover area required to prevent erosion is reported
in Reference 21. The quantity of sand collected on the top
of a simulated dual tandem ducted-propeller VTOL aircraft
fuselage is shown in Figure 38 as a function of the ground-
cover-protected area. These results indicate that an area
of approximately twice the duct exit area will reduce parti-
c12 entrainment to a satisfactory level. However, other
sources (Reference 30) report that cover areas as large as
10 times the nozzle area may be required to prevent surface
erosion. Reference 6, reporting the results of an experi-
mental investigation to develop alleviation techniques for
turbojet engines, indicates that aluminum plates four times
the nozzle area were successful in preventing erosion of
sod terrain. The aluminum plates were formed with a small
lip around the circumference, thus effectively separating
the flow from the ground for some distance outside the
protection cover. For more permanent sites for jet VTOL
operations, bilevel platforms have been used by Bell, re-
ported in Reference 31, with great success. These plat-
forms consist of two metal surfaces 6 to 8 inches apart with
perforations on the top plate in the vicinity of the jet
exits. The jet exhaust passes through the top plate and
discharges around the periphery of the platform. This de-
vice also eliminates the recirculation of hot gas into the
jet inlets.

FLOW DIVERSION

Flow diversion devices (1) direct or channel the
downwash flow from a region in which the downwash creates
a problem to an area in which the problem is less severe,
(2) reduce the downwash energy, or (3) utilize boundary
layer separation to lower the velocities acting on ground
particles. When diverters are evaluated, the following
requirements should be considered:

1. If the diverter is to be placed on the
aircraft, it should be lightweight.
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2. The diverter should be able to be deployed
from the aircraft if it is of the ground
type.

3. A diverter used on the aircraft should
not adversely affect the performance of
the aircraft.

Airborne deflectors showed promise in controlling
particle flow in a localized area such as at engine inlets.
Protection for inlets by using particle separators or inlet
screens, as indicated in References 21 and 32, has also
been suggested. The tilting of lift-device thrust axis has
also been found to be effective in controlling local parti-
cle flow conditions. The inclinations must, however, be
in the order of 30 degrees for any effective control of
particle flow. The loss in vertical lift resulting from
inclinations of this magnitude may be greater than can be
tolerated.

PARTICLE ENTRAPMENT

The downwash energy along the ground could be dissi-
p ..... y Lihe ube of particle traps. The requirements for
this type of alleviation device are:

1. Ground traps should be air droppable.

2. The system should be lightweight and have
a small volume when packaged.

3. Since the ground trap system cannot com-
pletely eliminate the terrain erosion prob-
lem, this type of system should be cap-
able of reducing downwash problems to a
point considered satisfactory for VTOL
operations.

Some of the ground flow diverters suggested are
shown in Figure 39. These include particle traps, annular
boundary fences and ground channels.
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Operational techniques in landing and takeoff may
also provide solutions that are acceptable for certain
operating conditions. For example, a taxiing speed as low
as 10 knots will prevent sod from eroding when subjected
to turbojet exhausts.

Generally, all alleviation methods are dependent
on the operational requirements set forth by the VTOL air-
craft mission. For instance, the time element for in-ground
operations is a major factor in the particle entrainment pro-
cess.
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APPENDIX I

SAMPLE CALCULATION OF ENVIRO:MEITAL CONDITIONS

FOR A TYPICAL VTOL AIRCRAFT CONFIGURATION

OPERATING IN GROUND PROXIMITY

The purpose of this appendix is to present the VTOL
aircraft designer with a step-by-step example of the use of
the downwash impingement criteria developed in the body of
this report. Described is the procedure for estimating
visibility conditions, concealment problems (cloud heights),
aircraft damage and personnel injury that would accompany
typical VTOL operations in ground proximity.

A hypothetical VTOL aircraft of the open-propeller
type incorporating two lift devices, one on each side of the
fuselage, is selected for the example calculations. A
disc loading of 50 pounds per square foot and a propeller
diameter, Dp , of 14 feet are assumed. Such an aircraft
has an average slipstream dynamic pressure, qN , equal to
the disc loading and a fully developed slipstream diameter,
de , equal to 0.707 Dp . It should be noted that for a
ducted propeller, qN would be one-half the disc loading and
de would be equal to the duct exit diameter.

The sample calculation of cloud height and visibility
is made for the above aircraft operating over sand terrain
at an he/de = 1.5. Results are also shown for a calculation
for he/de = 3.0 over sand.

The aircraft damage and personnel injury calcula-
tion is made for both mixed sand and gravel and debris-
covered terrain.

It should be noted that the general procedure pre-
sented is not restricted to the terrains or aircraft type
assumed above but applies to a wide range of terrai6 con-
ditions and VTOL types.
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CLOUD HEIGIT AN7) VISIBILITY

The estimation of cloud height and visibility re-
quires the use of Table 1 and Figures 40, 41, 42, and 43.
A column-by-column explanation of the use of Table 1 follows:

Columns 1 and 2: Select values of x/d or y/d; the values
shown in this example are generally adequate for
most computations.

Column 3: For x/de or y/de < 4.0, read the h/de = 1.5
curve of Figure 40 for (qs)max/gN • For x/de or
y/de > 4.0, qs/qN = 1.4/(x/de)L.

Column 4: The surface dynamic pressure, qs , is obtained
by multiplying column 3 by qN •

Column 5: The terrain constant kt from Figure 41 for sand
is equal to 1.2.

Column 6: Multiplying colun 4 by l/ r/i gives the (qs)eff
for sand.

Column 7: Since there is no ground flow interaction along
the x/de plane, (qsx)eff is equal to (qs)eff (column
7).

Columns 8 and 9: (q 5 ) being known (column 7), the
particle clous Refght he/de for zero and 100 percent
visibility is read from Figure 42.

Column 10: Due to the arrangement of the lift devices, flow
interaction exists along the Y-Z plane. This is
compensated for with the interaction term from
Figure 43

Column 11: (qsy) C is then obtained by multiplying
(qsx)f y [clumn 7) by the interaction term,
qsy/qsx , (column 10).

92



Columns 12 and 13: Having (qsy)pff , the particle cloud
height along the y/de a•x s for zero and 100 percent
visibility is read from Figure 42.

Columns 8, 9, 12, and 13 are plotted on Figure 44. The zero
end 100 percent visibility for locations other than along
the X-Y and Y-Z planes are then faired in as also shown in
Figure 44. From this figure, both the visibility within the
cloud and the overall cloud pattern generated by a VTOL
aircraft can be evaluated. To illustrate the effect of
increasing he/de . the above method was repeated for
he/de = 3.0; the resulting cloud pattern is presented in
Figure 45.

AIRCRAFT DAMAGE

As was discussed in the design criteria section
aircraft damage due to impacts from entrained particles is
primarily a function of the particle and the aircraft
material being impacted. An example computation of the
damage that may be sustained by the hypothetical VTOL air-
craft, described previously in this appendix, is presented
below.

Airframe Damage

The airframe damage will be evaluated by assuming
the following terrain and geometry conditions:

he/de = 1.0

qN = 50 pounds per square foot

Terrain Particles: Sand - 80 to 3000 microns

Gravel - Maximum 4.0-inch
diameter

40-pound empty barrel-?-foot
diameter x 3-foot height
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SAircraft Skin: 0.064-inch 24 ST aluminum sheet
at bottom of fuselage.
0.032-inch 24 ST aluminum sheet
for top, sides, wings, and tail
surfaces.

Landing Gear Struts: 6-inch diameter by 48-inch-
long amn gear.

Particle Size

The maximum average radial velocity, VA , generated
by the hypothetical aircraft, occurring at x/de 1.0 is
obtained by

A FA

where qF is obtained from Figure 40. For this example

/2(50)

VA 0.00238

VA 204 ft/sec.

It is assumed that the maximum size of particle which can
be transported along the ground by VA is obtained by equating
the maximum drag of the particle to its weight. From Figure
46, maximum gravel size is 3.0 inches.

Airframe Skin Design Limitations

The resistance of the aircraft skin to penetrations
due to impacts from entrained particles will be determined
using Table 2 in conjunction with Figures 47 and 48. A
column-by-column explanation of the use of Table 2 follows:
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Columns 1, 2, and 3: Tabulate particle or debris
characteristics.

Column.4: Calculate maximum drag area, AF

Column 5: Calculate impact area, AI *

Column 6: Calculate particle mass, MP

Column 7: Obtain the size parameter, , from

p 3 d C J.A-
K mp

9 M p

For stone spheres,? reduces to

S= 0.001 de/a

Column 8: Values of VP are obtained from

VqF/ fr
Figure 47 or calculated using

VP1Vp~ + I

Column 9: rqrl/A is calculated using q from the section
on partrcle size (page 94 ).

Column 10: Column 9 is multiplied by Column 8 to obtain
particle velocity, Vp I

2
Column I1: Particle energy, Ep, is obtained using EP l/2mpVp 2
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Column 12: Divide the particle impact area, Ar, (Column 5)
by the maximum drag area, AF (Column 45.

Column 13: The ratio Ep/A 1 is obtained by dividing Column 11
by Column 6.

Column 14: Values of TYT for each particle are read from
Figure 48.

Referring to Figure 48, it is seen that for the
particles considered, the aircraft skin design parameter,
TYT , is less than the value required to penetrate 0.032-
inch a]uminum sheet. It should be noted, however, that
penetration by the barrel is based on a large impact area.
If, however, the barrel were to strike the aircraft on
edge, A, would be greatly reduced; hence, much higher values
of TYT would occur. In this manner the skin could be
punctured or severely dented by the barrel.

Landing Gear Impacts

A simplified analysis of landing gear stresses de-
veloped from rolling debris impacts will be presented be-
low for the hypothetical VTOL aircraft. Although landing
gear design is far more complex, a simple cantilever tubular
beam struck by the entrained barrel will be assumed, merely
to indicate the method to be used.

The landing gear, as specified previously,is assumed
to consist of a 6-inch-diameter aluminum tube, with s-inch
wall thickness, mounted cantilever to the airframe. The
fully extended gear length is 48 inches. The maximum static
stress, G5 , developed by the barrel weight is

G- Mc
I

G' 40.0 x 48 x 3.0 = 17.5 psi

0.491(64 - 54)
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The maximum static deflection,E, is

40 x 48 3  = 4.45 x 10-4
3 x 107 x 0.491(64-54) inch

EC 3.71 x 10-5 ft.

Using Equation 28,

In /ge

53.42

132.2 x 3.71 x 10-5

3/ 1•= 1545.

The impact stress 6% is

1545 x 17.5

>I = 27,100 psi.

Material to be used must have allowable yield stress
greater than 27,100 pounds per square inch. Alternately,
the design may be modified to reduce the stress level.
Furthermore, wherever possible, antenna or other appendages
should be mounted at the highest possible location to avoid
rolling debris.

It must again be emphasized, however, that the above
relationship is based on the following assumptions:

1. Perfect elasticity of the beam.
2. Rigidity of the moving body.
3. Simultaneous contact of the moving body

with the end of the beam.
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Such conditions, however, are practically unattain-
able.

The dampening of the initial stress wave by elastic
hysteresis in the beam and the diminution of the intensity
of that stress wave by cushioning effect of the actually
nonrigid moving body would serve to make the actual maximum
stress less than the theoretical value.

Rotating Components

As was pointed out in the text, no data exist at
present which will indicate the density of particles exist-
ing at the propeller plane or turbine intakes of the hypo-
thetical aircraft. As a first-order approximation, however,
the density will be assumed to be equal to that reported in
the full-scale ducted model tests of Reference 21.

Sand density = 0.213 gr/ft 3 (from Figure 49'

Propeller volume flow = V Ae
= (N04)(78.5)
= 16,000 ft 3 /sec

Quantity of sand
ingested = 0.213(16,000) = 3410 gr/sec.

The particle ingestion rate is greater than the
limits indicated in Figure 50. Since the possibility
exists that large debris located in the plane of interaction
may be lifted as high as the propeller plane, operations of
the hypothetical aircraft over the terrain defined pre-
viously would be extremely hazardous.

PERSONNEL INJURY

From Table 2, the energy of entrained sand and gravel
particles is not greater than 12.5 foot-pounds. Debris such
as barrels may develop energies as high as 1775 foot-pounds.
Using the criterion of 58 foot-pounds it may be concluded
that ground personnel, when wearing protective clothing, will
not be irjured by entrained small particles but may be in-
capacItated if struck by large debris.
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